VS: 1) conservative treatment ("wait and see"); 2) resection; and 3) radiotherapy/radiosurgery. Many physicians choose the conservative approach if patients have small tumors, 18 minimal or no symptoms, poor overall health status, or if they are elderly, 24, 33, 87 but this approach may still result in hearing loss over time. 35, 41, 65, 70, 91 Radiosurgery is often chosen for patients with tumors smaller than 2.5 cm or for the elderly. Patients harboring recurrent or residual tumors are also frequently referred for radiosurgery rather than an additional operation. 61, 67, 68 Outcomes with respect to facial nerve function and hearing have been reported to be more favorable with radiosurgery than with traditional open surgery. 63 This former method has recently been advocated as the primary therapy for larger tumors, but there is a lack of data on outcomes of radiosurgery in patients with larger VSs. 96 Three different approaches are generally considered when planning VS surgery, and opinions abound about when to use a particular approach. To this end, some criteria have been consistently established in the literature, and factors for consideration have been named: tumor size, patient age and overall health status, anatomy of the vestibule and CPA, involvement of the brainstem and facial nerve, and extent of involvement of the IAC. 19, 20, 80, 93 One group suggested the surgeon's comfort as one of the main determinants of this choice. 45 Anderson et al. 2 suggested a combined translabyrinthine and retrosigmoid approach for very large tumors (diameter > 3 cm), as this allows better proximal and distal identification of the facial nerve. Each approach has associated advantages and disadvantages.
The middle cranial fossa approach offers some of the highest historical hearing preservation rates, but it places the facial nerve between the surgeon and the tumor (which results in the need for blind dissection in some cases 26 ), and it places some degree of retraction on the temporal lobe (which entails a risk of postoperative seizures and speech disturbances), 20, 43, 49, 72, 73, 92 while providing a limited view of the CPA. 47 Satar et al. 81 believe that facial nerve dysfunction following the middle cranial fossa approach is transient and that the long-term outcome is the same as with the other approaches. This approach may be poorly tolerated by the elderly, as extradural dissection of the adherent dura may be difficult. 85 The middle cranial fossa corridor is suggested for younger patients with smaller tumors 7, 38, 81 in the IAC with less involvement of the CPA, specifically the tumors that involve the fundus of the IAC, a location to which access and visualization are restricted during the retrosigmoid approach. 20 This route is also indicated for patients with useful preoperative hearing (although the definition of "useful" is still open to debate). 25, 80, 93 The retrosigmoid approach is well known to neurosurgeons and allows a panoramic visualization of the CPA. 49 Opponents of this approach quote cerebellar retraction as a risk for postoperative ataxia 42, 88 and maintain that this approach carries a higher incidence of postoperative headache. 11, 31, 76, 93 The retrosigmoid corridor may also provide a limited visualization of the fundus of the IAC, which may necessitate blind dissection to remove the entire tumor. 43 The retrosigmoid approach is a versatile route for tumors of any size regardless of the preoperative hearing status. 28 The translabyrinthine approach precludes the possibility of hearing preservation but allows removal of a tumor of almost any size, with early identification of the facial nerve, 38, 79, 89, 93 and some argue that the translabyrinthine approach permits good preservation of all CNs. 54 It also provides very good visualization of the lateral IAC and fundus, whereas the exposure of these in the retrosigmoid approach is limited due to the risk of damaging the vestibule and cochlea; therefore the translabyrinthine approach may allow for a more complete removal of tumor from these areas. Indications for the translabyrinthine approach include larger tumors and the preoperative lack of serviceable hearing. 12, 23, 49, 60, 79, 95 Because no single study to date includes a large enough number of patients, and a randomized trial would not be feasible to compare the value of different operative approaches, we attempted to conduct a systematic review of the available outcome data.
Methods

Inclusion Criteria
We defined inclusion criteria for the studies included in this review to ensure a relatively homogeneous patient population while maintaining the largest possible group size. To be included in the final analysis, studies had to fit the following criteria: the authors must have included follow-up data of at least 3 months, provided preoperative and postoperative audiometric data, used intraoperative monitoring for facial and cochlear nerves, and reported facial nerve results using the House-Brackmann scale. 46 In addition, we required reporting on hearing preservation using the AAO-HNS Committee on Hearing and Equilibrium classification 1 (or its equivalent)-studies providing raw audiometric data were also included, as were studies using the Gardner-Robertson classification. 34 Studies that included patients who underwent repeat operations, radiosurgery, or endoscopic surgery were excluded.
Normal facial nerve function was defined as HouseBrackmann Grade I or II. Hearing loss was defined as any AAO-HNS classification below B, a pure-tone audiometry score of more than 50 dB, or a speech discrimination score of less than 50%. 34, 94 Literature Search A literature search was conducted using PubMed and the search terms "acoustic neuroma surgery," "acoustic neuroma outcomes," "acoustic neuroma approach," "vestibular schwannoma surgery," "vestibular schwannoma approach," and "vestibular schwannoma outcomes." This yielded approximately 6800 articles, which were then screened by title and abstract. The initial screening process selected 180 articles, which were again screened for relevance to the inquiry and usable data. Eighty articles were found to offer data helpful to the analysis. Of these, 45 were excluded for reasons including inadequate follow-up and data not reported in standard metrics, as well as the other exclusion criteria mentioned above. Bibliographies of certain articles were also searched for further studies. The final quantitative analysis included 35
articles. See Fig. 1 for a flowchart outlining this selection process.
The search included studies published during January 1992 through December 2010 to allow for review of the cases in which modern microsurgical techniques, including intraoperative CN monitoring, had been used. Finally, this review included data on 5064 patients who underwent VS surgery and who were included in the above-mentioned studies.
Review
Data were summarized across all studies using counts (percentages). Comparisons across groups were performed using Fisher exact tests. Pairwise comparisons between treatment methods were also performed using Fisher exact tests with significance levels adjusted using the Bonferroni correction. Pairwise comparisons were considered significant only if the p value was less than 0.017. Statistical tests were performed using R for Windows (version 2.10.1).
Initially, comparisons were made across all 3 approaches. When significant differences were detected, pairwise comparisons were performed, as needed, to test for differences among individual groups. Pairwise comparisons are notated in Table 1 with superscript letters "a" and "b." Two cells that contain the same superscript letter are not significantly different. Conversely, 2 cells with different superscript letters are significantly different. Data for facial nerve dysfunction and hearing loss were stratified based on tumor size because tumor size has been shown to be the most important predictive factor for outcome related to these variables. 17, 26, 42, 65, 66, 77 Tumors were stratified as entirely IC (no extrameatal extension) or based on their extrameatal diameter (< 1.5 cm, 1.5-3.0 cm, or > 3.0 cm into the CPA). Table 1 summarizes the results for different clinical variables based on surgical approach. For patients harboring tumors less than 1.5 cm in diameter, the proportion of patients experiencing hearing loss was significantly lower among those who underwent surgery via a middle cranial fossa approach than those who were treated via the retrosigmoid route (43.6% vs 64.3%; p < 0.001). Among patients with tumors 1.5-3.0 cm in diameter, 82.7% of those treated with a middle cranial fossa approach experienced hearing loss, whereas 71.6% of those treated with a retrosigmoid approach suffered from this complication (p = 0.051). Finally, among the patients with intracanalicular tumors, 40.6% and 44.3% of the patients who underwent middle cranial fossa and retrosigmoid surgery, respectively, experienced hearing loss (p = 0.492).
Results
Hearing Loss
Facial Nerve Dysfunction
Considered to be the most important complication of VS surgery, 2,10,18,47 facial nerve dysfunction was defined as House-Brackmann Grade III or higher at last follow-up. In the group of patients with tumors less than 1.5 cm in diameter, 3.3% of those treated with a middle cranial fossa approach, 7.2% of those treated with a retrosigmoid approach, and 11.5% of those treated with a translabyrinthine approach suffered facial nerve dysfunction postoperatively (p = 0.001). The middle cranial fossa approach was associated with significantly lower rates of facial nerve dysfunction than the translabyrinthine approach; there was no significant difference between the retrosigmoid approach and either of the other 2 approaches with respect to rates of facial nerve dysfunction.
Among patients with 1.5-to 3.0-cm tumors, 17.3% of those treated with a middle cranial fossa approach, 6.1% of those treated with a retrosigmoid approach, and 15.8% of those treated with a translabyrinthine approach had facial nerve dysfunction (p < 0.001). In this analysis, the retrosigmoid approach was associated with significantly less facial nerve dysfunction than either the middle cranial fossa or translabyrinthine approach. Among patients with tumors larger than 3.0 cm in diameter, 30.2% of those treated with a retrosigmoid approach and 42.5% of those treated with a translabyrinthine approach had facial nerve dysfunction (p < 0.001), and, expectedly, insufficient data were available on the patients in this tumor size group undergoing middle cranial fossa surgery. Among patients with intracanalicular tumors, 16.7% of those treated with a middle cranial fossa approach, 4.0% of those treated with a retrosigmoid approach, and 0% of those treated with a translabyrinthine approach suffered facial nerve dysfunction (p < 0.001). 
Cerebrospinal Fluid Leak
Among patients treated with the middle cranial fossa approach, 5.3% experienced a CSF leak, whereas 10.3% of patients undergoing retrosigmoid surgery and 7.1% of those undergoing translabyrinthine surgery suffered from this complication (p = 0.001). Pairwise comparisons indicated that the middle cranial fossa and translabyrinthine approaches were associated with significantly lower rates of CSF leak than the retrosigmoid approach.
Postoperative Headache
Postoperative headache was found to be most prevalent among patients undergoing retrosigmoid surgery (17.3%), with significantly fewer patients undergoing translabyrinthine surgery reported to experience this complication (0%). Notably, the middle cranial fossa approach did not differ significantly from either of the other 2 groups in this regard (8.0%), but the retrosigmoid approach was associated with a significantly higher incidence of postoperative headache (p < 0.001). This analysis was likely skewed due to the lack of reporting in the translabyrinthine category. The trend in the data seems to indicate that the incidence of postoperative headache is higher with the retrosigmoid approach than with the middle cranial fossa approach.
Mortality
There was no significant difference detected in mortality rates across the 3 groups. The reported operative mortality rates were 0%, 0.3%, and 1.3% for middle cranial fossa, retrosigmoid, and translabyrinthine approaches, respectively (p = 0.346).
Major Neurological Complications
Major neurological complications included strokes (arterial and venous), seizure disorder, and persistent cerebellar dysfunction. Among patients undergoing middle cranial fossa surgery, the rate of major neurological complication was 2.4%, whereas it was 1.8% among those treated with a retrosigmoid approach and 2.6% among those treated with a translabyrinthine approach (p = 0.513).
Residual Tumor
Residual tumor was defined as any tumor visible on MRI after surgery. Cases in which subtotal resections had been planned were excluded from this analysis. Among the patients treated with a middle cranial fossa approach, 2.6% harbored residual tumor, whereas 6.0% of the those treated with a retrosigmoid approach and 5.6% of those treated with a translabyrinthine approach had some residual tumor. There was no significant difference across the 3 groups with regard to residual tumor (p = 0.107). . Data were summarized across all studies using counts (%). Tumor size refers to extrameatal diameter (extension into the CPA). Comparisons across groups were performed using Fisher exact tests. Pairwise comparisons between treatment methods were also performed using Fisher exact tests with significance levels adjusted using the Bonferroni correction. Pairwise comparisons were considered significant only if p < 0.017. Statistical tests were performed using R (version 2. 
Tumor Recurrence
Based on the investigators' reports, tumor recurrence was diagnosed in 1.1% of patients treated with a middle crania fossa approach and 6.2% of those treated with a retrosigmoid approach. Insufficient data were available to analyze this variable among patients treated with a translabyrinthine approach. The difference between the retrosigmoid and middle cranial fossa groups approached significance (p = 0.045).
Follow-Up Duration
We found 33 studies with information regarding the duration of follow-up as well as facial nerve function. The mean duration of follow-up was 23 months.
Discussion
Hearing Preservation
Our review suggests that the middle cranial fossa approach is preferable for hearing preservation in patients with smaller tumors (< 1.5 cm extension into the CPA). However, for tumors extending 1.5-3.0 cm into the CPA, the retrosigmoid approach may actually provide better rates of hearing preservation than the middle cranial fossa route. The middle cranial fossa approach provides a limited window into the posterior fossa, and the potentially blind dissection necessitated by the presence of the facial nerve in the surgeon's field of view may limit the resection of larger tumors and allow damage to the cochlear portion of CN VIII and its vasculature during resection.
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The retrosigmoid approach, on the other hand, provides a more panoramic view of the portion of the tumor in the CPA cistern and its relationship to the surrounding cerebrovascular structures.
The practice of offering patients early surgery upon diagnosis of a small tumor as a method to preserve hearing has been controversial in VS surgery. 6, 30, 32, 50, 51, 56, 62, 77, 78, 86, 92 Glasscock and others submitted that no patient should be excluded from surgery based on tumor size alone. 7, 36, 55, 97 Several groups have supported this position, declaring that aggressive tumor removal as early as possible provides the greatest chance of hearing preservation. 41, 50, 70, 76, 77 Consistent with previous studies, 17, 26, 42, 66, 77 our analysis indicates improved hearing preservation with smaller tumors.
Facial Nerve Function
The best indicator of quality of life following VS surgery is facial nerve function. 2, 8, 16, 44 Facial function at discharge is strongly suggestive of the nerve's final level of function. 8 Delayed facial nerve dysfunction has been documented in many reports, 7, 8, 11, 53 potentially related to delayed ischemia, edema, 7, 53 or viral reactivation (Bell palsy). 11 The timing for reanimation of the facial nerve if it is severed or damaged during surgery remains controversial.
3,11 However, it is known that reconstruction of a facial nerve, no matter what method is employed, is not likely to have an excellent outcome (House-Brackmann Grade I or II). 11, 75 Frequently cited predictors of facial nerve function include tumor size, surgical approach, and the use of intraoperative monitoring. 15, 22, 40, 64, 75 The length of contact of the tumor with the nerve has also been suggested as a potential prognostic factor. 18 Samii et al. 74 believe that prior surgery or radiosurgery and the presence of an intratumoral cyst are negative predictors of postoperative facial nerve function. Facial nerve function may be best preserved through the retrosigmoid corridor, according to current data.
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Our analysis points out that for tumors smaller than 1.5 cm in diameter, the middle cranial fossa approach provides better facial nerve preservation than does the translabyrinthine approach. However, the middle cranial fossa and retrosigmoid approaches do not seem to differ significantly with regard to facial nerve preservation in patients with tumors in this size category. On the other hand, for larger tumors (1.5-3.0 cm), the retrosigmoid approach provides a clear advantage. During the middle cranial fossa approach for larger tumors, the facial nerve is often located between the surgeon and the tumor; this topography places the facial nerve at a greater risk for damage. 81 The retrosigmoid approach also seems to provide better outcomes for patients with intracanalicular lesions. (It should be noted, however, that the 0% incidence of facial nerve dysfunction with the translabyrinthine approach should be interpreted with caution, as it is based on a very small number of patients from a single study). 60 The middle cranial fossa approach has been suggested as the approach of choice for intracanalicular tumors and for hearing preservation. 41, 50, 52, 90 The increased incidence of facial nerve dysfunction associated with this approach, as demonstrated by our analysis, has also been previously mentioned in the literature. 59, 81 The higher incidence of facial nerve dysfunction for all patients with tumors larger than 3.0 cm is likely related to the effect of tumor size. 17, 26, 42, 65, 66, 77 In summary, our analysis demonstrates the clear benefit of the retrosigmoid approach specifically for facial function among patients with tumors that are intracanalicular and 1.5-3.0 cm in size, with no difference in benefit between the middle cranial fossa and retrosigmoid approaches for patients with extrameatal tumor diameters less than 1.5 cm. For most tumor sizes, the translabyrinthine approach seems to be associated with a higher rate of facial nerve dysfunction. Our close examination of the studies that contributed patients to our review for the translabyrinthine approach (specifically, patients with tumors > 3 cm in diameter) revealed that at least half of the patients harbored tumors larger than 4 cm, which may account for the higher incidence of facial dysfunction in this group.
Postoperative CSF Leakage
The risk of CSF fistula formation has been considered higher for retrosigmoid surgeries due to the difficulty encountered with a watertight dural closure. 13, 75 Tumor size is not correlated with the risk of CSF fistula, 69 although larger tumors approached through the translabyrinthine route may be associated with a higher CSF leak rate. 58, 75 This could also be related to the approach itself, as meticulous dural closure is difficult, if not impossible, with this technique. The present analysis confirms the belief that the retrosigmoid approach may result in a greater risk of CSF leakage than the middle cranial fossa and translabyrinthine approaches, which we did not find to differ significantly from each other in this respect. The confounding factor in this analysis is the different ways surgeons handle their closures to prevent a CSF leak. The retrosigmoid approach, which often violates the mastoid air cells during the craniectomy or craniotomy, may indeed place the patient at a higher risk of CSF leak.
Postoperative Headaches
Several causes have been suggested for the persistent postoperative headaches that seem to plague patients undergoing retrosigmoid surgery. Among these are chemical irritation from the bone dust created by drilling the IAC 11, 82 and fibrous adhesions formed between the dura mater and suboccipital muscles. 83 Cranioplasty to seal the bony defect can significantly reduce the incidence of postoperative headaches. 31, 82, 83 Ruckenstein et al. 71 pointed out that although cranioplasty reduces the incidence of headache in the long term, it does not significantly reduce the incidence of headache (compared with the incidence associated with the translabyrinthine approach) in the immediate postoperative period (within 1 year of surgery). Our analysis confirms a significantly higher rate of postoperative headache among patients treated with a retrosigmoid approach as compared with those treated with a translabyrinthine approach. 83 Although no statistically significant difference was detected between the retrosigmoid and middle cranial fossa approaches with regard to postoperative headache, the raw data suggest that a difference may indeed exist (4 of 50 patients treated with a middle cranial fossa approach vs 127 of 732 treated with a retrosigmoid approach suffered from headache). The translabyrinthine approach seems to be associated with a small risk of postoperative headaches (0% in this analysis). However, this point should be considered carefully, as the data regarding this variable were reported only for a group of 40 patients, all in a single study. 83 
Residual Tumor
Indications for subtotal resection include preservation of facial nerve integrity, development of an arrhythmia during brainstem dissection, advanced age, poor overall medical status, and previous failure of radiation therapy. 9 Subtotal resection may be a reasonable strategy, especially if facial nerve integrity is at risk. A relatively slow rate of regrowth of residual tumor and the effectiveness of radiosurgery for controlling small tumors are justifications for this approach, and we advocate such a strategy to preserve facial nerve function. 67 Unfortunately the studies included in this review did not provide the stratified data needed to conduct an analysis of residual tumor based on approach. This analysis indicates that the rates of residual tumor were similar for all 3 approaches, but if further investigation were carried out into the incidence of residual (and indeed, recurrent) tumor based on size, we believe there would be a clear trend toward higher incidence of residual or recurrent tumor with larger tumors.
Tumor Recurrence
Recurrence of tumor is documented, especially among patients undergoing less than total resection of the tumor. Reducing the volume of residual tumor as much as possible may help minimize this risk. 29 Schmerber et al., 84 in a long-term study, found that microscopic remnants of tumor within the nerve may retain some growth potential. The present analysis points out that patients undergoing the retrosigmoid approach may have higher rates of recurrence. The higher frequency of tumor recurrence among patients treated with a retrosigmoid approach may indeed be related to the smaller size of tumors selected for the middle cranial fossa approach, as well as poor visualization of the lateral aspect of the IAC offered through the retrosigmoid approach.
Limitations of the Study and Future Directions
In 1993, Glasscock et al. 38 decried the "disarray of data" in the VS literature regarding outcome reporting. Although there are available standard metrics for reporting tumor size, hearing, and facial function, some authors do not adhere to these metrics, providing nonuniform data that are difficult to compare across studies. 93 Additionally, there are multiple standard scales for reporting hearing function, some of which do not reconcile. This fact prevents fair comparisons among institutions. 59 The need for a new hearing classification system has also been suggested. 5 Ideally, a universally accepted system-specifically for VS outcome classification and reporting-that considers tumor size, hearing, and facial function would be desirable and practical.
Limitations of this review include the absence of randomized or controlled studies and bias introduced by the surgeon's preoperative decision regarding the selection of approach. Chronology also potentially confounds our results, because the included studies were retrieved from both older and more recent series. These series have employed different techniques to maximize tumor resection. The introduction of radiosurgery has affected the decision-making process and the outcome of the recent series as compared with the old ones. Furthermore, there is a certain skew in the data, as evidenced in Table 2 . Patients treated by means of a middle cranial fossa approach tend to have smaller tumors and thus may have more positive outcomes based on this fact alone. The translabyrinthine approach is well represented among patients with larger tumors, who may have worse outcomes due to the size of their tumor. There is certainly a preponderance of patients in the retrosigmoid approach group overall, but of those patients included in the final size-stratified analyses (hearing and facial nerve function), this difference is minimal, and, in fact, there are approximately 80 more patients in the translabyrinthine approach group. The composition of these populations is unfortunately out of the control of the authors, as surgeons choose approaches based on the potential benefit to each individual patient, and each approach has its advantages, disadvantages, and indications, as described above. Finally, the heterogeneity of data and lack of monitoring necessitated the exclusion of several otherwise large and potentially useful studies.
Conclusions
Much of the data presented here correlate with the findings in prior studies on VS surgery. Our data suggest that the retrosigmoid corridor remains a versatile approach that may be useful for preserving hearing in the case of larger tumors but carries a higher risk of postoperative CSF leakage and headache. Indeed, the middle cranial fossa approach seems to have a lower incidence of CSF leak and postoperative headache compared with the retrosigmoid approach and carries with it superior hearing preservation in the case of smaller tumors. Finally, the translabyrinthine approach may be associated with poorer facial nerve function, but the analysis was confounded by inclusion of larger tumors approached through the translabyrinthine route.
With more emphasis on hearing preservation, there is a need to standardize the classification system for hearing preservation based on a universally accepted, objective, and reproducible method of measurement. Finally, the treatment plan and surgical approach should be chosen based on careful assessment of the patient and her or his tumor, with individualized consideration and discussion of the risks to maximize the benefit to the patient.
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